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Abstract
Experiments measuring the parameters of active neutrino oscillations can also search
for the sterile neutrinos in a part of sterile neutrino parameter space. In this paper, we
analyze the prospects for the sterile neutrino search in the upcoming experiment DUNE for
the sterile neutrinos with masses at GeV scale. As it relies on the still-undecided design
of the Near Detector, we provide the expected number of the sterile neutrino decays in the
Near Detector volume. Our most optimistic predictions show that the corresponding limit
on mixing can be approximately of the same order as the previous estimates made for the
LBNE. We present our results as separate plots for the sterile neutrino mixing with electron,
muon and tau neutrinos. Generally, DUNE has good prospects to probe large region of the
previously unavailable part of the parameter space before the new projects (like SHiP) join
the searches.
1 Introduction
Physics beyond the Standard Model (SM) of particle physics is one of the most rapidly
developing fields in theoretical physics. It stems from the discrepancies between SM pre-
dictions and some of the experimental data, obtained in the last decades. For example,
neutrino oscillation phenomena show that the SM is not complete. One way to address this
problem is to introduce additional leptons, sterile with respect to the SM gauge interactions
SU(3)c × SU(2)W × U(1)Y [1]. They are usually called sterile neutrinos and introduced in
the following way:
L = iN¯Iγµ∂µNI −
(1
2
MIN¯
c
INI + YαI L¯αH˜NI + h.c.
)
, (1)
here NI are sterile neutrinos,MI are their Majorana masses, and YαI stand for their Yukawa
couplings with lepton doublets Lα, α = e, µ, τ and SM Higgs doublet (H˜a = ǫabH
∗
b ). One
needs at least two sterile neutrinos to explain active neutrino oscillations, and at least three
in the case when all active neutrinos have non-zero masses. It was shown that heavy sterile
neutrinos may also provide an explanation for leptogenesis (see, for example, Ref. [2]) or
serve as a dark matter candidate [3].
The strategy of the search for such particles depends heavily on their masses. If sterile
neutrinos have masses at GeV scale, they can appear in heavy hadron decays. Such sterile
neutrinos can be searched for in various collider experiments. Experiments measuring the
parameters of neutrino oscillations are capable of detecting sterile neutrino decay events
as well. Beam energies, as well as specifics of measurement processes, geometry and the
relative position of the detector, determine the region of sterile neutrino parameter space
that can be tested in a given experiment. Experiments such as CHARM [4], NuTeV [5],
PS191[6], DELPHI [7], OKA [8], LHCb [9, 10], Belle [10], E949 [11] provide limits on active-
sterile neutrino mixing. Many developing projects and upcoming experiments, such as NA62
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[12, 13], SHiP [14], MATHUSLA [15], T2K [16] and DUNE [17, 18, 19, 20] declare the search
for heavy neutral leptons to be one of their goals.
The search for the sterile neutrinos in beam-dump experiments was, for example, con-
sidered in Refs. [21, 22]. The process behind the search can be described as follows: the
proton beam strikes the target and produces a great number of heavy secondary mesons.
Due to active-sterile neutrino mixing a part of these mesons would produce sterile neutrinos
in their decays. A part of these sterile neutrinos flies towards the detector and decays inside
its volume. Such decays can be observed.
The LBNE project provided their estimate of active-sterile neutrino mixing by rescaling
the results of existing experimental data using the new experiment specifics in their design
report [23]. The DUNE project inherited this estimate as their own predicted sensitivity to
active-sterile neutrino mixing without updating the specifics of the experiment such as the
Near Detector length. Until now there was no update made for the proposed DUNE Near
Detector design [17, 18, 19, 20].
The aim of this paper is to calculate the sensitivity of DUNE to the active-sterile neutrino
mixing for sterile neutrinos of masses at GeV scale. As it relies on yet to be decided design
of the Near Detector, it is impossible to provide a proper estimation of the number of
background events. In this paper we present the iso-contours for the number of expected
heavy neutrino decays inside the detector volume, in the planeMN −|U |2, thus avoiding the
issue of dealing with the experimental detection efficiencies and reconstruction effects. We
also propose some ideas as to how it might be possible to enhance the signal to background
ratio. This paper can be useful for the consideration of the DUNE Near Detector design or
its possible additional upgrades.
The paper is organized as follows. In Sec. 2 we present the overall layout of DUNE
near detector facilities and the relevant proton beam properties. After that in Sec. 3 we list
the experimental features of the search, such as different meson production rates and their
momentum distribution. We present in more detail the analysis of sterile neutrino detection
specifics and our way to account for it in Sec. 4. We present our estimates in Sec. 5, and
some possible issues in Sec. 6. We conclude in Sec. 7. We also present the various relevant
experimental data in Appendix A and the sterile neutrino-related formulae in Appendix B.
2 DUNE
The main goal of DUNE is to measure active neutrino parameters with high precision [17,
18, 19, 20]. This will be achieved by creating very intensive high-energy neutrino flux. High
energy proton beam (up to 120 GeV) strikes a target, producing a high number of secondary
particles (mainly pions and kaons) which can produce sterile neutrinos during their decay.
To provide enough space for the secondary particles to decay, a 221 m long and 4 m wide
decay pipe is planned to be installed behind the target area. At the end of the pipe, the
absorber is placed to reduce the background from muons. Additionally, natural rock fills
the area between the decay pipe and the detector. The resulting neutrino beam is directed
towards the Near Detector at 574 m from the target and the Far Detector at 1300 km, which
allows for better prospects for active neutrino parameters measurement.
Important properties of a reference proton beam are listed in Tab. 1. Geometrical sizes
are listed in Tab. 2.
Proton beam energy 120 GeV
Spill duration 1.0× 10−5 s
Protons on target per year 1.1× 1021
Cycle time 1.2 s
Table 1: Proton beam properties [19].
As the Near Detector is located considerably far from the target, one can notice that the
heavy sterile neutrino would reach the detector later than the active neutrinos produced at
the same time. But that shift in arrival time is generally less than active neutrino travel time
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Distance from the target to the Near Detector L 574 m
Decay pipe length ldecay pipe 194 m
Decay pipe radius rdecay pipe 2 m
Near Detector reference size ∆l ×∆h×∆h [20] 6.4 m ×3.5 m ×3.5 m
Table 2: Geometrical sizes [19].
from target to the detector tν ≈ 574m3×108m/s = 1.91 µs. And the latter time is considerably
less than the spill duration of τ = 10µs. We can use a timing cut only if the sterile neutrino
arrives at the detector after the last of the active neutrinos, produced during the spill, passed
through it. There are two random elements in this. First of all, if we start time count at the
beginning of the spill, the moment of the possible sterile neutrino production t0 is evenly
distributed between 0 and τ . The other random element is the value of the sterile neutrino
momentum. We present the way we construct the sterile neutrino momentum distribution
in Sec. 4. The timing cut criterion for the sterile neutrino with velocity vN can be expressed
as follows: t0+
L
vN
> τ + Lc . Therefore the application of the timing cut is more probable for
the sterile neutrinos produced at the end of the spill, but it also can be applied to the sterile
neutrinos that were produced early if their momentum is sufficiently small. Timing cut can
be used for all sterile neutrinos with mass MN and momentum p <
L√
(L+cτ)2−L2MN . The
probability P for the timing cut to apply to the produced sterile neutrino with massMN and
fixed momentum p > L√
(L+cτ)2−L2MN reads: P =
L
cτ (
√
1 +
M2
N
p2 − 1). Taking into account
the sterile neutrino momentum distribution (see Sec. 4), we obtain that less than 0.1% of
the sterile neutrinos that fly in the direction of the detector satisfy the timing cut criterion.
This means that, for the most part, the active neutrino spill would overlap with the sterile
neutrino arrival, serving as a background for the sterile neutrino search. We note that the
active neutrinos are generally produced in the decays of pions or kaons. These mesons
have considerable mass, and that means their travel time before their decay, compared to
our estimate, contains an additional delay in the active neutrino arrival time. The same
reasoning applies to the sterile neutrinos produced in the kaon decays, which results in the
additional delay in the sterile neutrino arrival time for these sterile neutrinos, although that
delay is shorter than the delay for the active neutrinos produced in pion decays. Therefore
our estimate is conservative. Summing up, timing doesn’t help to get rid of the background
from active neutrino interactions in the Near Detector. However, a special run with much
shorter spill duration and lower beam energy can be considered as a solution to this problem.
The Far Detector is simply too far to provide a sufficient number of sterile neutrino
decays in the detector volume. We discuss geometrical restrictions in Sec. 4.
3 Experimental features
We assume that the primary 120 GeV proton beam strikes a target and produces mesons
that may decay into the sterile neutrinos and SM particles. Sterile neutrino momentum pN
and energy EN spectra are very important for further analysis. They are closely related
to the momentum pH and energy EH spectra of secondary mesons. Each momentum has
the longitudinal pL and transversal pT components. The longitudinal component is the
one directed along the axis of the active neutrino beam, and the transversal component is
orthogonal to the longitudinal one.
It is shown in Ref. [21], that the number dNH of heavy hadrons is proportional to the
differential cross section of relevant hadrons direct production dσH :
dNH
dpHLdp
2
HT
∝ dσH
dpHLdp
2
HT
. (2)
The distribution of the longitudinal momentum of secondary mesons can be fitted from
experimental data, with fit parameters varying with beam energy. The usual approximation
for the longitudinal momentum pHL distribution of the differential cross section dσH reads
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[24, 25]:
dσH
dxF
∝ (1− xF )c , xF = pHL
pmaxHL
, (3)
with c = 3 being the phenomenological factor-of-two estimate for the relevant energy E =
120 GeV (see [21]).
The distribution of the transversal momentum of secondary mesons depends heavily
on the details of hadronization [21]. They are usually approximated with fragmentation
function D(z). We take PYTHIA distributions i.e. the Lund fragmentation function [26]:
D(z) =
(1− z)a
z1+rQbm
2
Q
exp
(
− b
z
(M2H + p
2
HT )
)
, (4)
where z represents a part of hadron momentum pH carried by heavy quark pQ. The default
parameter values (the ones we take) are a = 0.68, b = 0.98 GeV−2, rs = 0, rc = 1.32, rb =
0.855 [26]. Heavy quark masses are mc = 1.275 GeV, mb = 4.18 GeV [27]. The resulting
transversal momentum distribution of secondary mesons reads:
dσH
dp2HT
∝
∫ 1
0
dz
(1− z)a
z1+rQbm
2
Q
exp
(
− b
z
(M2H + p
2
HT )
)
. (5)
Different mesons have different chances to be produced in a specific experiment. This
is determined by two factors: how many quarks of the corresponding type χq is generated
by interactions of the primary beam with the target and the weight of a specific channel in
quark hadronization Br(q → H...). Basically after the number of simpifications Eq. (2) is
transformed into the following form [21]:
NH = NPOT ×Mpp × χq ×Br(q → H), (6)
where NH is a number of secondary hadrons and NPOT is a total number of “protons on
target” (we identify it with the total number of proton interactions in the thin target). Mpp
is the multiplicity of reaction, i.e. the number of the hadrons produced in the interaction of
primary protons with the target. It is already taken into account for all considered mesons
except K-mesons in the value of χq. We take Mpp = 1 for these mesons, for K-mesons the
value Mpp > 1 depends on the primary beam energy: Mpp(K) = 11 for E = 120 GeV [21].
We take the following values of χq [28]:
χs ≡ σpp→s
σpptotal
=
1
7
, χc ≡ σpp→c
σpptotal
= 10−4, χb ≡ σpp→b
σpptotal
= 10−10. (7)
For s-quark production fractions we take [21]:
Br(s→ K−) = Br(s→ K0L) = Br(s→ K0S) = 1/3. (8)
For c-quark production fractions we take [14]:
Br(c→ D+) = 0.207, Br(c → D0) = 0.632, Br(c→ D+s ) = 0.088. (9)
For b-quark production fractions we take [27]:
Br(b→ B+) = Br(b→ B0) = 0.405, Br(b→ B0s ) = 0.101. (10)
The production fraction Br(b → B+c ) has only been measured at LHC energies, where it
reaches few ×10−3 [29]. At lower energies, it is not known. We take:
Br(b→ B+c ) = 10−3. (11)
Sterile neutrino production fractions from various mesons as well as sterile neutrino decay
modes are listed in Appendix B.
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Figure 1: Schematic illustration of the detector geometry.
4 Algorithm
We want the detector to detect the sterile neutrino decay signals and distinguish them from
the background. The main question is: how small the value of |U2| can be to still allow it?
The answer to the question depends heavily on the detector configuration, its efficiency and
the methods used to reduce the background. As none of the above can be clarified yet, we
only provide the iso-contours for the number of expected heavy neutrino decays Ndetector
inside the detector volume, in the planeMN−|U |2 (we plan to provide the proper estimation
of the number of background events in another paper after the Near Detector design will
be fixed). We simply scan the values of MN with a 20 MeV step, starting from MN = 140
MeV. As we increase the value of MN we eventually reach the value for which the predicted
number of expected heavy neutrino decays becomes less than the specified value Ndetector
for a specific iso-contour. We abort our scan at this mass value.
First, we calculate the energy distribution function in each process according to Eqs.
(49), (50) in Appendix B.2. Note that this is an energy in the rest frame of the decaying
meson H . We also calculate the sterile neutrino mean lifetime τN =
1∑
Γ(N→...) according
to Eqs. (42) – (48) in Appendix B.1.
After that we randomly chose one of the processes, using corresponding weight χq ×
Br(q → H) × Br(H → N...) according to formulae (49), (50), (56), (58) – (60) from Ap-
pendix B.2, and values (7) – (11). The following decays are significant: K0L → π+l−N, K+ →
π0l+N, D0 → K+l−N, D+ → K0l+N, D0 → π+l−N, D+ → π0l+N, D+s → η0l+N, B+ →
D0l+N, B0 → D+l−N, D0 → K+∗l−N, D+ → K0∗l+N, B0 → D+∗l−N, B+ →
D0∗l+N, B0s → D+s l−N, B0s → D∗+s l−N . The indirect production of the mesons from
the decays of heavier mesons can be neglected, as their number is several orders of mag-
nitude smaller than the number of the mesons produced in proton collisions in the target,
as can be seen from Eqs. (6), (7). We randomly choose EN from the previously calculated
distribution that corresponds to the chosen process. From the distributions described by
(2), (3) we randomly choose pHL , pHT , p
2
H = p
2
HL
+ p2HT .
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There is no preference for the direction of sterile neutrino momentum p = {px, py, pz}
in the rest frame of H , so this direction is also chosen randomly. Its absolute value is
p =
√
E2N −M2N . Then we make a Lorentz boost to this momentum to calculate the
resulting sterile neutrino momentum pN in the laboratory frame. We choose the target
as the point of origin, z axis is directed towards the detector and x, y axes are chosen so
that pHL ≡ pHz , pHT ≡ pHx , pHy = 0. For convenience, we plot the scheme of the process
geometry in Fig. 1. The resulting longitudinal and transversal components of sterile neutrino
momentum in the laboratory frame read:
pNx = −
EN
MH
pHT − pz
√
1 +
p2H
M2H
pHT
pH
+ px
pHL
pH
, (12)
pNy = py, (13)
pNz =
EN
MH
pHL + pz
√
1 +
p2H
M2H
pHL
pH
+ px
pHT
pH
≡ pNL . (14)
Note that according to (14) if decaying meson velocity in the laboratory frame vHlab =
pH
EH
is smaller than sterile neutrino longitudinal velocity in the meson rest frame vNLH =
pz
EN
,
vHlab < vNLH , then it is possible that pNz < 0, i.e. sterile neutrino flies in the direction
opposite of the detector. Obviously, such sterile neutrino won’t be detected.
After the proton beam strikes the target, produced secondary particles travel some dis-
tance away from the target before decaying. The distance that H meson travels down the
pipe before decaying at the moment tH is zH =
pHL
MH
tH (t = 0 corresponds to the mo-
ment when the proton beam strikes the target). Its shift from the axis at this moment is
xH =
pHT
MH
tH . For short living mesons tH ∼ 0, zH ∼ 0, xH ∼ 0. If the meson produces
sterile neutrino, its initial coordinates are xN (tH) = xH , yN(tH) = 0, zN(tH) = zH . One of
the criteria for the sterile neutrino to decay in the detector volume is for it to decay when
L < zN (tH + ∆t) < L + ∆l. Here L is the distance from the target to the detector, ∆l is
the effective length of the detector and ∆t = MNpNL
(L − zH) is a time it takes for the sterile
neutrino to travel the distance L− zH . As ∆l ≪ L, we simply can take zN(tH +∆t) = L.
The other sterile neutrino coordinates xN , yN can be expressed as:
xN =
pHT
MH
tH +
pNx
pNz
(
L− pHL
MH
tH
)
, (15)
yN =
pNy
pNz
(
L− pHL
MH
tH
)
. (16)
For the on-axis detector we take that the number of sterile neutrinos flying in the direction
of the detector Nforward is the number of sterile neutrinos for which the following statement
is true: √
x2N + y
2
N <
∆h
2
. (17)
Here ∆h is the transversal size (height and width) of the detector. Equation (17) means
that the sterile neutrino won’t fly towards the detector if it deviates too much from the axis
z. For short living mesons tH ∼ 0, zH ∼ 0 Eq. (17) turns into:
pNT
pNL
<
∆h
2L
, (18)
where pNT =
√
p2Nx + p
2
Ny
is the sterile neutrino transversal momentum.
Another random variable is the moment of decay of the meson H . Probability for meson
H to decay before the moment tH in the meson rest frame is:
P (tH) = 1− exp
(
− tH
τH
)
, (19)
where τH is the meson mean life-time. We choose tH according to this law (19).
For long-lived mesons (kaons) we have additional consideration: if the kaon longitudinal
travel distance zH exceeds the decay pipe length ldecay pipe, zH > ldecay pipe, then the kaon
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reaches the absorber. In pretty much the same way if the kaon transversal travel distance
xH =
pHT
MH
tH exceeds the decay pipe radius rdecay pipe, xH > rdecay pipe, then it collides into
the decay pipe walls. When either of these happens, the kaon usually rapidly loses energy.
At the moment of its decay it practically stops. From Eqs. (15) – (18) it is obvious that
sterile neutrinos from such kaons are not very relativistic and have a very small probability
to reach the detector hundreds of meters away. For that reason, we consider the contribution
of such kaons negligible and remove them from our estimates at the moment they reach the
absorber or the walls.
We repeat this process many times (we takeNtotal = 107 iterations) and take into account
only those events, that satisfy criterion (17) and obtain the number of sterile neutrinos
Nforward that fly in the direction of the detector. The portion of sterile neutrinos ζN that
flies towards the detector reads:
ζN =
4
π
Nforward
Ntotal , (20)
where coefficient 4pi represents the fact that the frontal surface of the detector is a square
and not a circle, as implied in (17).
We also obtain the resulting distribution f1(pNL) of the longitudinal momentum pNL
of the sterile neutrinos that fly in the direction of the detector,
∫
f1(pNL)dpNL = 1. We
note that for the sterile neutrino mixing with tau neutrino a “three stages” processes become
important, when heavy meson decays producing tauons, and the sterile neutrino is produced
in tauon decays. We discuss this case in more detail in Appendix B.2.
The last distribution we need is the distribution f2(zH , pNL) of the kaon longitudinal
travel distance zH ,
∫
f2(zH , pNL)dzH = 1, which has to be taken into consideration for the
sterile neutrinos produced in the kaon decays.
In the experiment, the total number of produced sterile neutrinos NN depends on the
number of mesons of each type NH (see Eq. (6)) produced at the target and the probability
for them to produce the sterile neutrino Br(H → N...) (see Appendix B.2). It can be
written as:
NN = NPOT ×
∑
q,H
Mpp(H)χqBr(q → H)Br(H → N...). (21)
The probability of sterile neutrino decay during the time tN after its production in the
sterile neutrino rest frame is described by the usual law (19), where meson H is replaced by
sterile neutrino N :
P (tN ) = 1− exp
(
− tN
τN
)
, (22)
here τN =
1∑
Γ(N→...) is the sterile neutrino lifetime (see Eqs. (42) – (48) in Appendix B.1).
If one wants to use any additional cuts that consider only specific channels, one would have
to take into account only these channels. We list some remarks on this possibility in Sec. 5.
In the laboratory frame the sterile neutrino with mass MN and longitudinal momentum
pNL travels the distance lN =
pNL
MN
tN along the beamline before decaying. We note that
for the kaons we also have to take into account the distance zH =
pHL
MH
tH they travel in
the decay pipe before decaying. The probability the sterile neutrino decays into the visible
modes in the interval L < zH + lN < L+∆l is:
P (L < zH + lN < L+∆l) = exp
(
−L− zH
τN
MN
pNL
)(
1− exp
(
−∆l
τ ′N
MN
pNL
))
. (23)
Here (τ ′N )
−1 is the sum of all detectable (visible) sterile neutrino decay modes (42) – (48),
i.e. all modes besides the three neutrino decay channel (46). If one needs to take into
account only some specific decay modes, for example, to apply some background cut, one
has to consider only these modes in (τ ′N )
−1.
To account for the distribution of the sterile neutrino momentum pNL and the distribu-
tion of the kaons longitudinal travel distance zH the resulting value of the sterile neutrino
probability to decay in the detector volume reads:
P =
∫ pmaxNL
0
dpNLf1(pNL)
∫ ldecay pipe
0
dzHf2(zH , pNL)P (L < zH + lN < L+∆l) . (24)
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The number of sterile neutrinos Ndetector, that decay with the probability P inside the
detector of the length ∆l, can be expressed as:
Ndetector = NN · ζN · P, (25)
where NN is the total number of produced sterile neutrinos and ζN is the portion that
flies towards the detector. For the sterile neutrino with fixed mass and mixing, Eq. (26)
gives us the total number of the sterile neutrino decays inside the detector volume. Sterile
neutrino lifetime depends on the mixing as τN = TN |U |−2, where numerical coefficient
TN doesn’t depend on |U |2 (see Eqs. (42) – (48) in Appendix B.1). In the same way
τ ′N = T
′
N |U |−2, numerical coefficient T ′N doesn’t depend on |U |2. For the number of produced
sterile neutrinos we have NN = NN |U |2, where numerical coefficient NN doesn’t depend on
|U |2 (see (21) and Eqs. (49), (50), (56), (58) – (60) in Appendix B.2). Therefore the iso-
contour for a specific value Ndetector consists of the values MN , |U |2 obeying the equation:
Ndetector = |U |2NNζN
∫ pmaxNL
0
dpNLf1(pNL)
∫ ldecay pipe
0
dzHf2(zH , pNL)×
×exp
(
−L− zH
TN
MN
pNL
|U |2
)(
1− exp
(
−∆l
T ′N
MN
pNL
|U |2
))
. (26)
When the value of the sterile neutrino lifetime satisfies τN ≫ (L− zH)MNpNL , Eq. (23) has
a simple limit:
P1 (L < zH + lN < L+∆l) ≈ ∆l
T ′N
MN
pNL
|U |2. (27)
In that case almost none of the produced sterile neutrinos decay before they reach the
detector and only the small portion of them decay in the detector volume. From Eq. (26)
we obtain that Ndetector = I × |U |4, where numerical coefficient I doesn’t depend on |U |2.
Therefore, for an iso-contour for a value Ndetector, if |U |2 ≪ TNL−zH
pNL
MN
, Eq. (26) can be
rewritten in a simple form:
|U |2 =
√
Ndetector
I
. (28)
The second important approximation of Eq. (23) is obtained for τ ′N ≪ ∆lMNpNL :
P2 (L < zH + lN < L+∆l) ≈ exp
(
−L− zH
τN
MN
pNL
)
. (29)
In that case almost all produced sterile neutrinos decay before they reach the detector and
almost all of the sterile neutrinos that reached the detector decay inside the detector volume.
Therefore the iso-contour for Ndetector consists of the valuesMN , |U |2 that satisfy somewhat
easier equation:
Ndetector = |U |2NNζN
∫ pmaxNL
0
dpNLf1(pNL)×
×
∫ ldecay pipe
0
dzHf2(zH , pNL)exp
(
−L− zH
TN
MN
pNL
|U |2
)
. (30)
For a fixed value of MN , the resulting iso-contours consist of two values of |U |2, which,
for the most part of the considered mass range, satisfy the conditions of these two approx-
imations. Staring with some value of MN they are no more viable, and one has to use Eq.
(26) as it is.
5 Results
In this Section, we present our iso-contours and analysis. We take beam properties and
geometrical sizes as described in Ref. [17, 18, 19, 20]: NPOT = 1.1× 1022 (this corresponds
to the total expected number of protons-on-target over ten years), ∆h = 3.5m, L = 574 m,
ldecay pipe = 194 m, rdecay pipe = 2 m, see Tabs. 1, 2.
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Figure 2: The number of expected sterile neutrino decays in the detector volume in the plane
MN−|U |2 for the case of mixing with the electron neutrino. LBNE (steelblue) line is a previous
sensitivity estimate [23]. Red line is our estimate for ∆l = 6.4m and Ndetector = 3, blue line is
for ∆l = 1.0m and Ndetector = 3, and green line is for ∆l = 6.4m and Ndetector = 300.
Figure 3: The number of expected sterile neutrino decays in the detector volume in the plane
MN − |U |2 for the case of mixing with the muon neutrino. LBNE (steelblue) line is a previous
sensitivity estimate [23]. Red line is our estimate for ∆l = 6.4m and Ndetector = 3, blue line is
for ∆l = 1.0m and Ndetector = 3, and green line is for ∆l = 6.4m and Ndetector = 300.
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Figure 4: The number of expected sterile neutrino decays in the detector volume in the plane
MN−|U |2 for the case of mixing with the tauon neutrino. Red line is our estimate for ∆l = 6.4m
and Ndetector = 3, blue line is for ∆l = 1.0m and Ndetector = 3, and green line is for ∆l = 6.4m
and Ndetector = 300. The small feature at MN = 1.63 GeV is due to the disappearance of the
channel τ → πN , that is dominating up to that point.
For simplicity, in our analysis we vary only two parameters: the detector effective length
∆l and the number Ndetector of the sterile neutrino decays inside the detector volume. In the
idealistic situation when there is absolutely no background, according to Poisson distribution
Ndetector = 3 should be enough to place the limit at 95% CL to announce the discovery of the
heavy sterile neutrinos. Unfortunately, the absence of the active neutrino events background
isn’t a realistic assumption for the DUNE Near Detector. The main goal of the Near Detector
is to characterize the beam of active neutrinos. Therefore it will be designed in such a way
as to increase the probability of neutrino interactions inside the detector. From the point of
view of a sterile neutrino search, such interactions would serve as a background. We avoid all
the issues of the experimental detection efficiencies and reconstruction effects by presenting
only the iso-contours for the number of expected heavy neutrino decays into visible modes
inside the detector volume, in the plane MN − |U |2.
We present our results for mixing with electron, muon and tau neutrino in Figs. 2, 3
and 4 respectively. For the red lines we take Ndetector = 3 and for green lines we take
Ndetector = 300. For these lines we take the currently considered detector length ∆l = 6.4m
from Ref. [20]. All iso-contours are calculated in accordance with Eq. (26).
There is another possibility we point out. If we had additional free space in front of the
main detector we could place there a small additional detector, sensitive to sterile neutrino
decays. To reduce the active neutrino event background, as well as to minimize the effect of
the additional detector on active neutrino study, the additional detector should be almost
empty inside. That would allow for detecting of the sterile neutrino decays in this empty
space, where are few active neutrino interactions. Depending on the design, it could provide
better sensitivity to mixing with active neutrinos than the main detector. In Figs. 2, 3, 4
we show that case with blue lines, for which we take ∆l = 1m and Ndetector = 3. From
these figures, one can see that, depending on its configuration, a small additional detector
with good efficiency could provide better limits than the main detector overburdened with
active neutrino background.
For reference we present in Figs. 2, 3 the estimate from LBNE design report [23]. That
10
Figure 5: Neutrino fluxes adopted from Ref. [18] (black, blue, red and violet lines) for the
neutrino mode, generated with a 120 GeV primary proton beam and our corresponding estimate
without the horns (steelblue and green lines).
estimate was made simply by rescaling of the CHARM [4] and CERN PS191 [6] results,
taking into account the relevant proton beam and detector geometry parameters of LBNE
and CHARM and PS191 experiments. The length of the LBNE Near Detector was taken to
be ∆l = 30m. These lines were calculated for the case when sterile neutrino mixes with every
type of active neutrinos, while we present the mixing with a specific type. This results in the
difference in the shape of the curve. Due to the difference in masses between electron and
muon, decays of kaons into the sterile neutrino stop at lower masses of the sterile neutrino
MN for the mixing with muon neutrino than for the mixing with electron neutrino. In Figs.
2, 3 one can see these steps at MN ∼ MK − me and MN ∼ MK − mµ respectively. For
LBNE line this shift occurs in two steps, as the muon part of mixing disappears at lower
sterile neutrino mass than the electron part. We didn’t find estimates for LBNE limits on
mixing with tau neutrino, so in Fig. 4 we present only our estimates.
One can find current limits on the mixing (and some predictions) in Ref. [13, 14, 15, 30,
31].
6 The validity of the results
In this Section, we estimate the active neutrino flux as a validation of our results and present
some ideas on the scale of the signal to the background ratio in the sterile neutrino search
and how it can be improved.
We have performed a special simulation of the flux of MN = 0.01 eV sterile neutrinos
through the Far Detector with NPOT = 10
20s to check our assumptions of the meson pro-
duction and decay and compare them with the results from Ref. [18]. The basic idea is
that the obtained results should more or less correspond to active neutrino fluxes from pion
and kaon decays. For that purpose we consider for the “muon neutrino” Nµ the following
processes: π+ → µ+Nµ,K+ → µ+Nµ,K+ → π0µ+Nµ,K0 → π−µ+Nµ as well as the decay
µ+ → e+NeNµ for muons produced in these processes; for the number of the “electron neu-
trinos” Ne we have the same muon decays and the processesK
− → π0e−Ne,K0 → π+e−Ne.
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Figure 6: Neutrino fluxes adopted from Ref. [18] (black, blue, red and violet lines) for the
antineutrino mode, generated with a 120 GeV primary proton beam and our corresponding
estimate without the horns (steelblue and green lines).
The fluxes of the neutrino and anti-neutrino are considered to be the same because we don’t
account for the presence of the horns focusing systems. Horns focusing systems affect all
charged particles, but particularly the charged pions and kaons, as they are relatively long-
lived. As the name implies, horns would focus these particles, causing more of them to fly
in the direction of the detector. Usually, horns are specialized to focus pions, as their flux
is much higher than the flux of kaons. The usage of horns in other experiments increased
the resulting flux of neutrinos by several times. Recall that, for the sterile neutrino search,
active neutrino events serve as a background. It should be compensated a little because
of the focusing of kaons that produce sterile neutrinos, but the overall effect of horns is
considered to be negative for the sterile neutrino search.
We present our results, as well as the neutrino fluxes adopted from Ref. [18] in Figs. 5,
6. As we don’t account for the presence of the horns focusing systems, our results should
roughly correlate to the anti-neutrino flux in the neutrino mode (and neutrino flux in anti-
neutrino mode), or be a bit higher. This behaviour can be seen in Figs. 5, 6. Note that
neutrinos with higher energy are less affected by horns systems and results from Ref. [18] for
this part of the spectrum are in good correlation with our estimate. We note that the shape
of the resulting energy-flux curve is somewhat different from Ref. [18]. Besides the presence
of the horns that can be affected by more rare processes that aren’t accounted for in our
estimate. Overall, we find these results satisfactory given the crudeness of the estimate and
the factor of the presence of the horns.
There are several methods that are used to improve the signal to the background ratio.
One such way is to take into consideration only certain decay modes. Among various sterile
neutrino decay modes, the most promising ones are the two body decays. The products of
two body decays have a fixed momentum in the decaying particle rest frame. Its value de-
pends only on the decaying particle mass. This fact allows for a more precise reconstruction
of the mass of decaying particle than in the case of three-or-more body decays.
Let’s consider a specific example: the decay N → π+µ−. The Monte-Carlo simulation
results for NPOT = 10
20 presented in Ref. [18] suggest 44 000 events of the νµX → π+µ−X
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type, whereX is the atom of the target. Hence for NPOT = 1.1×1022, adopted in this paper,
the number of background events integrated over the energy easily reaches 4.8×106! For the
sterile neutrino two body decay, however, not all of these events serve as a background. If one
reconstructs the energy distribution of the detected µ, π, the products of the sterile neutrino
decays would form characteristic peaks. Only events for µ, π with the same energy as these
peaks would serve as a background for the sterile neutrino signal. Obviously similar consid-
erations apply to other decay modes as well. Unfortunately, the simulation/reconstruction
of such energy distribution depends heavily on the detector specifics and is rather hard to
perform. A detailed study of detector efficiency will be possible only after the final decision
on the design of the Near Detector is made.
An additional possibility is to account for the fact that sterile neutrinos that reach the
detector have very small transversal momentum. Therefore the sum of the resulting particles
transversal momentum should also be close to zero. If one cuts all events for which it doesn’t
hold true, one would reduce the amount of background.
7 Conclusions
In this paper, we calculated the prospects for the sterile neutrino search in the upcoming
experiment DUNE. We present the iso-contours for the number of expected heavy neutrino
decays inside the detector volume, in the plane MN −|U |2. Our more optimistic predictions
are approximately of the same order as the previous estimates, while more conservative
ones lay higher than it, but still lower than the current limits. We point out that for the
search of sterile neutrinos an additional small detector, that is almost empty inside, could
provide better sensitivity than the main detector. Another possibility to enhance the signal
to background ratio can be a special run with a really short proton spill duration and lower
proton beam energy. Overall our estimates show that while DUNE main scientific goal is
the measurement of active neutrino parameters, it would still be able to probe currently
unrestricted part of the sterile neutrino parameter space.
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A Parameters
In this Section, we list the experimental values of the parameters used in our work.
Lepton masses l ∈ {e, µ, τ} : Me = 0.5109989461 MeV, Mµ = 105.6583745 MeV, Mτ =
1.77686 GeV [27].
Tauon average lifetime ττ = 2.903× 10−4 ns [27].
Fermi constant: GF = 1.16637877× 10−5 GeV−2 [27].
Weinberg angle: sin2 θW = 0.23122 [27].
ρ-meson decay constant: gρ = 0.162 GeV
2 [29].
Vud Vus Vcd Vcs Vub Vcb
0.97420 0.2243 0.218 0.997 0.00394 0.0422
Table 3: CKM-matrix elements [27].
A.1 Form-factors
Basic formula [29]:
f(q2) =
1
1− q2/M2pole
N−1∑
n=0
an
[(
z(q2)
)n − (−1)n−N n
N
(
z(q2)
)N]
, (31)
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H MH , MeV [27] τH , ns [27] fH , MeV [29]
π+ 139.57061 26.033 130.2
π0 134.977 8.52e-8 130.2
K+ 493.677 12.38 155.6
K0L 497.611 51.16
K0S 497.611 0.089564
η 547.862 81.7
ρ 775.26
η′ 957.78 -94.7
D+ 1869.65 1.04e-3 212
D0 1864.83 4.101e-4
D+s 1968.34 5.04e-4 249
B+ 5279.32 1.638e-3 187
B0 5279.63 1.52e-3
B0s 5366.89 1.509e-3
B+c 6274.9 5.07e-4 434
Table 4: Relevant meson decay parameters [27, 29].
where
z(q2) ≡
√
t+ − q2 −√t+ − t0√
t+ − q2 +√t+ − t0
, (32)
with
t+ = (mH +mH′)
2
, (33)
t0 = (mH +mH′ ) (
√
mH −√mH′)2 . (34)
A.1.1 K meson form factors
Form factors of K → π transition are well described by the linear approximation:
fKpi+,0(q
2) = fKpi+,0 (0)
(
1 + λ+,0
q2
m2pi+
)
. (35)
H,H ′ f+,0(0) λ+ λ0
K0, π+ 0.970 0.0267 0.0117
K+, π0 0.970 0.0277 0.0183
Table 5: Best fit parameters [29] for the form factors of the K → π transition.
A.1.2 D meson form factors
Form factors of D → K,π:
f(q2) =
f(0)− c (z(q2)− z(0)) (1 + z(q2)+z(0)2 )
1− Pq2 . (36)
Form factors of D → η:
fDsη+ (q
2) =
fDsη+ (0)(
1− q2
M2
D∗s
)(
1− αDsη+ q
2
M2
D∗s
) , (37)
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f f(0) c P (GeV−2)
fDK+ 0.7647 0.066 0.224
fDK0 0.7647 2.084 0
fDpi+ 0.6117 1.985 0.1314
fDpi0 0.6117 1.188 0.0342
Table 6: Best fit parameters [29] for the form factors of the D → K,π transition.
where fDsη+ (0) = 0.495,MD∗s = 2.112, α
Dsη
+ = 0.198 [29].
fDsη0 (q
2) =
fDsη0 (0)
1− αDsη0 q
2
M2
D∗s
, (38)
fDsη0 (q
2) is not well constrained by experimental data, so we take fDsη0 (0) = f
Dsη
+ (0) and
αDsη0 = 0 [29].
A.1.3 B meson form factors
Form factors of B → D, π:
f Mpole GeV a0 a1 a2
f
B(s)D(s)
+ ∞ 0.909 -7.11 66
f
B(s)D(s)
0
∞ 0.794 -2.45 33
fBK+ 5.325 0.360 -0.828 1.1
fBK0 5.65 0.233 0.197 0.18
fBpi+ 5.325 0.404 -0.68 -0.86
fBpi0 5.65 0.490 -1.61 0.93
Table 7: Best fit parameters [29] for the form factors of the B → D,π transition.
A.1.4 Meson form factors for decay into vector meson
Standard axial form factors A0(q
2), A1(q
2), A2(q
2) and vector form factor V (q2) can be
parameterized as:
V (q2) =
fhh
′
V(
1− q2
Mh
2
V
)(
1− σhh′V q
2
Mh
2
V
− ζhh′V q
4
Mh
4
V
) , (39)
A0(q
2) =
fhh
′
A0(
1− q2
Mh
2
P
)(
1− σhh′A0 q
2
Mh
2
V
− ζhh′A0 q
4
Mh
4
V
) , (40)
A1,2(q
2) =
fhh
′
A1,2
1− σhh′A1,2 q
2
Mh
2
V
− ζhh′A1,2 q
4
Mh
4
V
. (41)
15
hh′ DK∗ BD∗ Bρ BsD
∗ BsK
fhh
′
V 1.03 0.76 0.295 0.95 0.291
fhh
′
A0
0.76 0.69 0.231 0.67 0.289
fhh
′
A1
0.66 0.66 0.269 0.70 0.287
fhh
′
A2
0.49 0.62 0.282 0.75 0.286
σhh
′
V 0.27 0.57 0.875 0.372 -0.516
σhh
′
A0
0.17 0.59 0.796 0.350 -0.383
σhh
′
A1
0.3 0.78 0.54 0.463 0
σhh
′
A2
0.67 1.4 1.34 1.04 1.05
ζhh
′
V 0 0 0 0.561 2.10
ζhh
′
A0
0 0 0.055 0.600 1.58
ζhh
′
A1
0.2 0 0 0.510 1.06
ζhh
′
A2
0.16 0.41 -0.21 0.070 -0.074
MhP (GeV) 1.969 6.275 5.279 6.275 5.367
MhV (GeV) 2.112 6.331 5.325 6.331 5.415
Table 8: Best fit parameters [29] of the meson form factors of the decays into vector meson.
B Formulae
B.1 Sterile neutrino decays
2-particle sterile neutrino decays [21, 29]:
Γ(N → H0να) = |Uα|
2
32π
G2F f
2
H0M
3
N
(
1− M
2
H0
M2N
)2
, (42)
Γ(N → H+l−α ) =
|Uα|2
16π
G2F |VH |2f2HM3N
((
1− M
2
l
M2N
)2
− M
2
H
M2N
(
1 +
M2l
M2N
))
×
×
√(
1− (MH −Ml)
2
M2N
)(
(1− (MH +Ml)
2
M2N
)
, (43)
Γ(N → V +l−α ) =
|Uα|2
16π
g2V +
M2V +
G2F |VV |2M3N ×
×
((
1− M
2
l
M2N
)2
+
M2V +
M2N
(
1 +
M2l − 2M2V +
M2N
))
×
×
√(
1− (MV + −Ml)
2
M2N
)(
(1− (MV + +Ml)
2
M2N
)
, (44)
Γ(N → V 0να) = |Uα|
2
32π
g2V 0k
2
V
M2V 0
G2FM
3
N
(
1 + 2
M2V 0
M2N
)(
1− M
2
V 0
M2N
)2
, (45)
where H0 ∈ {π0, η, η′, ...}, H+ ∈ {π+,K+, D+, ...}, V 0 ∈ {ρ0, ...}, V + ∈ {ρ+, ...} (see Tab.
4). In this work we use only kρ = 1− 2 sin2 θW .
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3 particle sterile neutrino decays [21, 29]:
Γ

N → να∑
β
ν¯βνβ

 = G2FM5N
192π3
|Uα|2, (46)
Γ
(
N → l−α6=βl+β νβ
)
=
G2FM
5
N
192π3
|Uα|2
(
1− 8x2l + 8x6l − x8l − 12x4l log x2l
)
, (47)
xl =
max[Mlα ,Mlβ ]
MN
,
Γ
(
N → ναl−β l+β
)
=
G2FM
5
N
192π3
|Uα|2
[
(C1(1 − δαβ) + C3δαβ)×
×
(
(1− 14x2l − 2x4l − 12x6l )
√
1− 4x2l + 12x4l (x4l − 1)L
)
+
+4 (C2(1− δαβ) + C4δαβ)×
(
x2l (2 + 10x
2
l −
−12x4l )
√
1− 4x2l + 6x4l (1− 2x2l + 2x4l )L
)]
, (48)
where
L = log
[
1− 3x2l − (1− x2l )
√
1− 4x2l
x2l (1 +
√
1− 4x2l )
]
, xl ≡ Ml
MN
,
and
C1 =
1
4 (1− 4 sin2 θw + 8 sin4 θw), C2 = 12 sin2 θw(2 sin2 θw − 1),
C3 =
1
4 (1 + 4 sin
2 θw + 8 sin
4 θw), C4 =
1
2 sin
2 θw(2 sin
2 θw + 1).
B.2 Sterile neutrino production
2-body meson decays with sterile neutrino production [21]:
dBr(H+ → l+αN)
dEN
= τH
G2FM
2
NMHf
2
H
8π
|VH |2|Uα|2
(
1− M
2
N
M2H
+ 2
m2l
M2H
+
m2l
M2N
×
×
(
1− m
2
l
M2H
))√(
1 +
M2N
M2H
− m
2
l
M2H
)2
− 4M
2
N
M2H
×
×δ
(
EN − M
2
H −M2l +M2N
2MH
)
. (49)
We take the following decays into two particles: K+ → l+N,D+ → l+N,D+s →
l+N,B+ → l+N,B+c → l+N .
3-particle scalar meson decays with sterile neutrino production [21]:
dBr(H → H ′lαN)
dEN
= τH |Uα|2C2K
G2F |VHH′ |2
64π3M2H
∫ q2max
q2
min
dq2 ×
×
(
f2−(q
2)
(
q2(M2N +M
2
l )− (M2N −M2l )2
)
+
+2f−(q2)f+(q2)
(
M2N(2M
2
H − 2M2H′ − 4ENMH −M2l +M2N + q2) +
+M2l (4ENMH +M
2
l −M2N − q2)
)
+
+f2+(q
2)
(
(4ENMH +M
2
l −M2N − q2)×
×(2M2H − 2M2H′ − 4ENMH −M2l +M2N + q2)−
−(2M2H + 2M2H′ − q2)(q2 −M2N −M2l )
))
, (50)
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where CK =
1√
2
for H ′ = π0, CK = 1 for all other cases [29] and q2 range is [27]:
q2min = (E
∗
2 + E
∗
3 )
2 −
(√
E∗22 −M2l +
√
E∗23 −M2N
)2
, (51)
q2max = (E
∗
2 + E
∗
3 )
2 −
(√
E∗22 −M2l −
√
E∗23 −M2N
)2
, (52)
E∗2 =
M2H +M
2
N +M
2
l −M2H′ − 2MHEN
2m12
, (53)
E∗3 =
MHEN −M2N
m12
, (54)
m12 =
√
M2H +M
2
N − 2MHEN , (55)
q2 range depends on EN . [27] provides us with EN range: (MH′ +Ml)
2 ≤ m212 ≤ (MH −
MN )
2. It is equivalent to MN ≤ EN ≤ 12MH
(
M2H +M
2
N − (MH′ +Ml)2
)
.
3-particle vector meson decays with sterile neutrino production [21]:
dBr(H → V lαN)
dEN
= τH |Uα|2C2K
G2F |VHV |2
32π3M2H
∫ q2max
q2
min
dq2 ×
×
(f22 (q2)
2
(
q2 −M2N −M2l + ω2
Ω2 − ω2
M2V
)
+
+
f25 (q
2)
2
(M2N +M
2
l )(q
2 −M2N +M2l )
( Ω4
4M2V
− q2
)
+
+2f23 (q
2)M2V
( Ω4
4M2V
− q2
)(
M2N +M
2
l − q2 + ω2
Ω2 − ω2
M2V
)
+
+2f3(q
2)f5(q
2)(M2Nω
2 + (Ω2 − ω2)M2l )
( Ω4
4M2V
− q2
)
+
+2f1(q
2)f2(q
2)
(
q2(2ω2 − Ω2) + Ω2(M2N −M2l )
)
+
+
f2(q
2)f5(q
2)
2
(ω2Ω2
M2V
(M2N −M2l ) +
Ω4
M2V
M2l +
+2(M2N −M2l )2 − 2q2(M2N +M2l )
)
+
+f2(q
2)f3(q
2)
(
Ω2ω2
Ω2 − ω2
M2V
+ 2ω2(M2l −M2N) + Ω2(M2N −M2l − q2)
)
+
+f21 (q
2)
(
Ω4(q2 −M2N +M2l )− 2M2V (q4 − (M2N −M2l )2) +
+2ω2Ω2(M2N − q2 −M2l ) + 2ω4q2
))
, (56)
where ω2 = M2H −M2V +M2N −M2l − 2MHEN and Ω2 = M2H −M2V − q2, CK = 1√2 for
H ′ = ρ0, CK = 1 for all other cases [29]; form factors fi(q2) can be expressed via standard
axial form factors A0(q
2), A1(q
2), A2(q
2) and vector form factor V (q2) as:
f1(q
2) = V (q
2)
MH+MV
, f2(q
2) = (MH +MV )A1(q
2), f3(q
2) = − A2(q2)MH+MV ,
f4(q
2) = 1q2
(
MV (2A0 −A1 −A2) +MH(A2 −A1)
)
, f5(q
2) = f3(q
2) + f4(q
2).
(57)
π+ → l+N K+ → l+N D+ → l+N D+s → l+N B+ → l+N B+c → l+N
VH Vud Vus Vcd Vcs Vub Vcb
Table 9: 2 particle meson decay CKM-matrix elements.
We take following decays into three particles: K0L → π+l−N, K0S → π+l−N, K+ →
π0l+N, D0 → K+l−N, D+ → K0l+N, D0 → π+l−N, D+ → π0l+N, D+s → η0l+N, B+ →
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D0l+N, B0 → D+l−N, B+ → π0l+N, B0 → π+l−N, D0 → K+∗l−N, D+ → K0∗l+N, B0 →
D+∗l−N, B+ → D0∗l+N, B+ → ρ0l+N, B0 → ρ+l−N, B0s → D+s l−N, B0s → K+l−N, B0s →
D∗+s l
−N, B0s → K∗+l−N .
K0 → π+l−N , D0 → K+l−N , D0 → π+l−N , B0 → D+l−N , B0 → π+l−N ,
K+ → π0l+N D+ → K0l+N , D+ → π0l+N B+ → D0l+N , B+ → π0l+N ,
D0 → K+∗l−N , D+s → η0l+N B0 → D+∗l−N , B+ → ρ0l+N ,
D+ → K0∗l+N B+ → D0∗l+N B0 → ρ+l−N ,
B0s → D+s l−N B0s → K+l−N ,
B0s → D∗+s l−N B0s → K∗+l−N
VHH′ Vus Vcs Vcd Vcb Vub
Table 10: 3 particle meson decay CKM-matrix elements.
We consider three cases: mixing with electron neutrino |Uµ|2 = |Uτ |2 = 0, mixing with
muon neutrino |Ue|2 = |Uτ |2 = 0 and mixing with tau neutrino |Ue|2 = |Uµ|2 = 0. For the
case of mixing with tau neutrino, we have to account for the sterile neutrinos with masses
MN < Mτ produced in tauon decays. We have to consider additional processes [21]:
dBr(τ+ → H+N)
dEN
= ττ |Uτ |2G
2
F |VH |2f2H
16π
M3τ
((
1− M
2
N
M2τ
)2
− M
2
H
M2τ
(
1 +
M2N
M2τ
))
×
×
√(
1− (MH −MN)
2
M2τ
)(
1− (MH +MN )
2
M2τ
)
×
×δ
(
EN − M
2
τ −M2H +M2N
2Mτ
)
, (58)
dBr(τ+ → ρ+N)
dEN
= ττ |Uτ |2
G2F |Vud|2g2ρ
8πM2ρ
M3τ
((
1− M
2
N
M2τ
)2
+
M2ρ
M2τ
(
1 +
M2N − 2M2ρ
M2τ
))
×
×
√(
1− (Mρ −MN)
2
M2τ
)(
1− (Mρ +MN)
2
M2τ
)
×
×δ
(
EN −
M2τ −M2ρ +M2N
2Mτ
)
, (59)
dBr(τ+ → ναl+αN)
dEN
= ττ |Uτ |2G
2
F
4π3
M2τ
(
1− M
2
l
M2τ +M
2
N − 2ENMτ
)2√
E2N −M2N ×
×
(
(Mτ − EN )
(
1− M
2
N +M
2
l
M2τ
)
−
(
1− M
2
l
M2τ +M
2
N − 2ENMτ
)
×
(
(Mτ − EN )2
Mτ
+
E2N −M2N
3Mτ
))
, (60)
here H ∈ {π+,K+}, α ∈ {e, µ}. Note that if sterile neutrino mixes not only with tau
neutrino but with electron neutrino or muon neutrino as well, then another process τ →
ντ lαN becomes available.
To account for the processes (58) – (60) one have to study the processes in which tauons
are produced. Tauons are produced in the decays of heavy mesons, the most significant ones
being: D+s → τ+ντ , B0 → D−τ+ντ , B0 → D∗−τ+ντ , B+ → D¯0τ+ντ , B+ → D¯∗0τ+ντ [27].
The branching ratios for the tauon production coincide with ones described by (49), (50),
(56), (58) – (60) where sterile neutrino N and lepton l are replaced by tauon τ and active
neutrino ντ . One can obtain the resulting tauon momentum and coordinates with formulae
(12) – (16) in the same way.
To obtain Br(H → N...) one needs to integrate (49), (50), (56), (58) – (60) over EN from
MN to
1
2MH
(
M2H +M
2
N − (MH′ +Ml)2
)
. Note that other processes that may contribute
to neutrino production have been studied [29]. The most important of them is multi-meson
decay channels. For heavier sterile neutrino their importance becomes more significant. By
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ignoring these states we can underestimate the total inclusive width 1τH ×
∑
X Br(H → NX)
by about 20% [29]. On the other hand, as seen from Figs. 2, 3, at MN & 2 GeV too few
sterile neutrinos reach Near Detector to be successfully registered. For MN < 2 GeV the
multi-meson channels don’t contribute significantly.
We note that many of the mentioned processes also prove to be insignificant in the
interesting mass range. To determine this we calculate the contribution of each process to
sterile neutrino production. If the process’ branching value is less than 1% for all considered
values of sterile neutrino mass, then it is taken out of consideration. This way the following
processes were considered insignificant: K0S → π+l−N , B− → π0l−N , B0 → π+l−N ,
B0s → K+l−N , B0 → ρ+l−N , B− → ρ0l−N , B0s → K∗+l−N . We note that for the case
of mixing with tau neutrino only Ds and heavier mesons can kinematically simultaneously
produce the sterile neutrino and tauon in their decays (if MH > Mτ +MN ).
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